The repair of large bone defects resulting from trauma, congenital malformations, and surgical resection remains a challenge that is currently being addressed with the use of advanced tissue engineering approaches[@b1]. Currently, 2.2 million bone grafts are used annually worldwide[@b2]. Autografts and allografts are the major bone substitutes used to repair large bone defects. Autografts are considered the gold standard for bone defect repair but their application is restricted by limited bone quantities from harvest and donor-site morbidity[@b3]. Moreover, the amount of unsatisfactory repairs using autografts is as high as 30%[@b4]. Although allografts are readily available, osteogenesis is inhibited by immunogenic reactions from host tissues using this method[@b5].

Bone graft substitute materials are used for a wide range of clinical applications. Three-dimensional-porous scaffolds of bone graft substitutes play a critical role in both cell targeting and transplantation strategies. These scaffolds provide surfaces that facilitate attachment, survival, migration, proliferation, and differentiation of stem/progenitor cells, as well as a void volume in which vascularization, new tissue formation, and remodeling can occur[@b6]. Poly(lactic-co-glycolic acid) \[PLGA\] is a substitute material that has been approved by the US Food and Drug Administration (FDA) for clinical application[@b7]. However, PLGA itself lacks osteo-inductivity. Although application of PLGA with osteoinductive factors, including bone morphogenetic protein (BMP)-2, vascular endothelial growth factor (VEGF), transforming growth factor (TGF)-β, and fibroblast growth factor-2, would significantly enhance bone defect repair, a single dose of an exogenous protein may not induce an adequate osteogenic signal, particularly in cases where host bone and surrounding soft tissue are compromised[@b8][@b9][@b10][@b11]. Therefore, finding a suitable strategy for enhancing bone defect healing with fewer complications is of great significance.

Regional gene therapy has been used to enhance bone repair, especially for treatment of fracture nonunion and spinal fusion. However, the transfer of genes encoding osteogenic proteins still associate with some biological risks which need to be demonstrated the safety before using in clinics[@b12]. Stem cell therapy has been used extensively for bone tissue engineering, however, when the cells were transplanted, most cells cannot escape apoptosis without which limits tissue repair[@b13]. Therefore, there is an urgent need to find additional interventions to better promote the curative effect of stem cells.

Extracorporeal shock-wave (ESW) therapy is a safe and effective alternative method for the treatment of delay-union or nonunion of long bone fractures[@b14]. A previous clinical study based on 72 patients with long bone fracture nonunion reported that the rate of bony union at was 40% at 3 months, 60.9% at 6 months, and 80% at 12 months[@b14]. Furthermore, ESW has been shown to elicit membrane perturbation, as well as Ras activation, resulting in the induction of nuclear osteogenic transcription factor activation, expression of collagen type I (Col1) and osteocalcin (OCN), and thus enhance terminal calcium nodule formation[@b15]. SW also stimulates expression of BMP, OCN, alkaline phosphatase (ALP), TGF-β1, and insulin-like growth factor genes, which promote the growth and differentiation of BMSCs towards osteoprogenitor cells *in vitro*[@b16][@b17][@b18]. More recently, our team found that ESW could promote the adhesion, spreading, and migration of osteoblasts via integrin-mediated activation of focal adhesion kinase (FAK) signaling[@b19]. It is well known that some of the physical processes of cues from the extracellular matrix (ECM) can influence stem cell fate, which is particularly relevant for the use of stem cells in bone tissue engineering[@b20][@b21]; however, to date, the potential of ESW in the regeneration of bone tissue has not been fully utilized.

Based on the findings from previous *in vitro* studies, we hypothesized that porous PLGA scaffolds seeded with ESW-treated BMSCs could significantly promote the repair of bone defects via similar mechanisms as observed *in vitro*. Our results suggest that this innovative approach may act as an alternative cost-effective treatment for the repair of bone defects.

Results
=======

ESW promoted the proliferation of BMSCs
---------------------------------------

Differentiation of rat BMSCs into osteoblasts was verified by 1% Alizarin red S staining after being cultured for 2 weeks in osteogenic induction medium. BMSC differentiation into adipocytes was verified by 0.18% Oil Red O staining in adipogenic induction medium for 10 d, while differentiation into chondrocytes was verified by staining 5-mm BMSC sections with 0.05% Safranin O ([Supplemental Fig. S1](#S1){ref-type="supplementary-material"}). Since ESW did not affect BMSC survival with energy up to 10 kV for 500 impulses, this dose was considered as optimal does and used for subsequent experiments ([Fig. 1A and B](#f1){ref-type="fig"}).

Green fluorescent protein (GFP)-labeled BMSCs were used to further investigate whether ESW (10 kV, 500 pulses) could induce BMSCs proliferation using an IVIS 200 imaging system. Our data showed that ESW promoted BMSCs proliferation both *in vitro* and *in vivo* ([Fig. 1C and D](#f1){ref-type="fig"}). A greater number of ESWT-treated cells were retained in scaffolds than control cells 2 weeks post-implantation ([Fig. 1E and F](#f1){ref-type="fig"}).

ESW enhanced the osteogenic differentiation of BMSCs
----------------------------------------------------

Assessment of specific osteogenic transcription factor expression and calcium nodule formation 2 weeks post-ESW showed that the ESW group expressed higher levels of Col1, Osterix, Runx2, and ALP compared to control ([Fig. 2A](#f2){ref-type="fig"},C,D and F), further suggesting that ESW could induce differentiation of BMSCs into osteoblasts. Runx2 and Osterix are essential transcription factors that play important roles in the cell-fate decision through activation of cell type-specific genes which facilitate mesenchymal cells into becoming osteoblasts[@b22]. Enhancement of bone-mineralized matrix by ESW was demonstrated by an increase of calcium nodule formation in culture ([Fig. 2B](#f2){ref-type="fig"}). These results indicate that BMSCs were committed to an osteogenic lineage and differentiated into mature osteoblasts and osteocytes post ESW treatment.

ESW enhanced bone formation in nude mice
----------------------------------------

There were more solid tissues formed in the ESW-treated group compared to the unconsolidated fibrous-like tissues formed in the control group ([Fig. 3A](#f3){ref-type="fig"}). Goldner-Trichrome staining indicated that the ESW group produced significantly more osteoid in the surface of the newly formed tissue in transplants as compared to the control group ([Fig. 3B and C](#f3){ref-type="fig"}).

Immunohistochemical staining showed more Osterix and Runx2 positive cells in newly formed bone matrix at all tested time points that obtained from nude mice samples ([Fig. 4A](#f4){ref-type="fig"}). More importantly, we found more TGF-β1 positive cells inside the scaffolds in the ESW-treated group as compared to control group ([Fig. 4B](#f4){ref-type="fig"}), indicating that a greater number of transplanted BMSCs from the ESW group were undergoing osteogenic differentiation[@b23]. It has previously been demonstrated that TGF-β1 is essential for bone remodeling and that TGF-β1 induces migration of BMSCs to the remodeling sites, which may attract more BMSCs to participate in bone regeneration[@b24].

ESW-modified artificial bone form more new bone in the subcutaneously implanted nude mice. We applied micro-computed tomography (micro-CT) to access bone formation in PLGA scaffolds at selected post-operative time points. We found that ESW-modified artificial bone grew in the subcutaneously implanted nude mice with greater bone volume (BV), total tissue volume (TV), BV/TV, and bone mineral density (BMD) at both 4 weeks and 8 weeks post implantation ([Table 1](#t1){ref-type="table"}).

ESW promoted new bone formation in rats and enhanced the biomechanical strength of regenerated bone
---------------------------------------------------------------------------------------------------

Fluorescent microscopic evaluation revealed an increase in new bone formation, as indicated by a higher ratio of calcein green- to xylenol orange-labeled areas in the ESW group compared with controls at 2, 4, and 8 weeks ([Fig. 5](#f5){ref-type="fig"}). Comparison of the amount of fluorescent labeling at all time points showed significantly higher of new bone area in the ESW group (*P* \< 0.05). In order to further validate osteogenic differentiation of implanted BMSCs within bone defect sites, the key osteogenic marker, Osterix, was identified by immunohistochemical staining in decalcified paraffin sections. There were more osterix positive cells in newly formed bone matrix, both at the adjacent of original bone and center of the scaffold, at all tested time points ([Fig. 6A](#f6){ref-type="fig"}).

Biomechanical strength recovery at the osteotomy site following scaffold implantation increased with healing time from week 4 to 8 ([Fig. 6B](#f6){ref-type="fig"}). The ESW group had a significantly stronger strength at both 4 and 8 weeks post-implantation (*P* \< 0.05, n = 8).

As presented in [Table 2](#t2){ref-type="table"}, ESW-modified artificial bone in mid-femur bone defect models showed greater BV, TV, BV/TV, and BMD, as compared to control group, at both 4 and 8 weeks post implantation. At week 8 post-implantation, the implanted region appeared to be better integrated and quite similar to the host bone, though transition interfaces were still discernable, in the ESW group ([Fig. 6A](#f6){ref-type="fig"}).

Discussion
==========

The repair of large bone defects remains a challenge in clinical practice. Cell-based tissue engineering has created new and exciting opportunities with a broad array of potential clinical applications[@b6]. Mechanical stimulation led to a temporary increase in oxygen concentration at the site of injury. Combined biologic-free ferrogel and pressure cuff-driven mechanical compressions lead to enhanced muscle regeneration and muscle function compared with no-treatment controls, demonstrating the therapeutic potential of these mechanical interventions[@b25]. ESW has attracted particular attention in the field of *in vivo* bone tissue regeneration[@b26][@b27] for its beneficial effects on cellular behaviors, such as proliferation[@b28], differentiation[@b29], adhesion, and migration[@b19]. Several previous experimental studies have demonstrated that ESW promotes bone healing by up-regulating bone growth factors and morphogenetic proteins[@b18], as well as the activities of extracellular signal-regulated kinases, p38 kinase signaling, and Wnt/β-catenin signaling[@b19][@b30]. More importantly, we reveal a common underlying mechanism that inhibition of miR-138 by ESW significantly activate the FAK signaling with increased phosphorylation of FAK at tyr397 site. which triggers ERK1/2 signaling pathway and significantly promotes the osteogenic differentiation in human MSCs including tendon-derived stem cells, adipose-derived stem cells, and bone marrow mesenchymal stem cells (BMSCs)[@b31].

In tissue engineering it is often desirable to pre-stimulated cell seeded constructs *in vitro*. In this study, we aimed to accelerate bone regeneration through the establishment of ESW-modified artificial bone. PLGA scaffolds seeded with BMSCs pretreated with an optimal dose of ESW (10 kV, for 500 impulses) have been identified as a useful approach for promoting bone defects repair. Using *in vitro* expansion, we can generate a large number of BMSCs that are crucial for forming new bone. Since MSC are unable to induce bone formation even though MSC are pre-committed in the osteogenic lineage in the absence of a scaffolding biomaterial[@b32], the porous PLGA scaffolds are important to provide a surface and void volume for BMSCs to attach, proliferate, and differentiate[@b33]. Thus, in our study, porous PLGA scaffolds were structured with a ratio of 50:50, 80% porosity, and 250--500 μm pore size to provide an optimal environment for the formation of new bone and extracellular matrix[@b34]. Importantly, inductive stimuli are necessary to produce the desired tissue and using ESW as a biophysical stimulator has the potential for osteoinduction.

*In vitro* results demonstrated enhanced osteogenic differentiation and greater nodule formation after ESW. ESW also promoted the proliferation and differentiation of BMSCs towards osteoprogenitor cells, thereby facilitating bone regeneration, and inducing the expression of Runx-2, as well as the osteogenetic markers ALP, Col1, and Osterix in BMSCs during osteogenic induction. Runx2 plays a vital role in BMSC differentiation into osteoblast lineages by direct expression of ALP, Col1, matrix metalloproteinase-13, bone sialoprotein, osteopontin, and OCN genes[@b35][@b36]. We previously found that ESW treated-BMSCs dramatically increased protein levels of both the phosphorylated and total Runx-2 (ref. [@b31]). The cells must enter the late stage of osteogenesis and express Osterix, which are controlled by Runx2 to deposit calcium[@b37]; Osterix is downstream of Runx2 in mesenchymal cells[@b38]. All these are strong evidence support the role of ESW in mediating the osteogenic differentiation of BMSCs.

ESW increased BMP-2 expression, as well as ALP activity and calcium deposits with respect to untreated adipose-derived stem cells[@b39]. PCL scaffolds delivery of rhBMP-2 released in a sustained manner exhibit good cellular activity for both cell proliferation and osteogenic activity[@b40]. Major advances in bone tissue engineering with scaffolds have been achieved through the use of growth factors, drugs, and gene delivery systems targeting osteogenic differentiation, though with some drawbacks[@b8][@b9][@b10][@b11]. Given ESW also increases the expression of BMP-2 in BMSCs, as an alternative approach, ESW provides a safe, cost-effective, and rational strategy for promoting osteogenic differentiation.

Previous *in vivo* studies have shown that greater amounts of new bone are detected at 2, 4, and 8 weeks after implantation of ESW-treated BMSCs. In this study, decalcified histology confirmed that there were significantly more Osterix positive cells in the newly generated tissue in ESW group, indicating that a higher proportion of the transplanted BMSCs were under-differentiating towards osteoblastic lineage. For bone defect repair, it is beneficial if greater stem cells differentiate into bone-forming osteoblasts. In femur bone defect, the implantation was integrated into the existing tissue, resulting in a seamless transition in the interface. After a 4-week subcutaneous implantation in nude mice, we detected that the ESW group expressed higher levels of TGF-β1, which plays an important role in bone regeneration and remodeling[@b41]. Active TGF-β1 release also induces migration of BMSCs to the bone absorptive sites that are mediated through SMAD signaling pathway[@b24].

Previous *in vitro* studies have shown that the addition of TGF-β1 could increase mRNA levels of osteoblast differentiation markers (*Runx2, OPN* and *Col1*) and reduce self-renewal markers (*Oct4, Stella, Nanos3*, and *Abcg2*)[@b42]. On the surface of the newly formed tissue, we found significantly greater osteoid produced in the ESW group.

In this study, we confirmed that ESW promoted healing of bone defects that facilitate new bone tissues to form in the defect site. However, there are also some limitations to our study. First, as a proof-of-concept study, our research did not use large animals as models in this experiment. Since our research explored the possibility of the shock wave application in tissue engineering for the first time, we chose a partial bone defect model in the mid-shaft of the rat femur, which did not require plate-screw internal fixation. Therefore, in our *in vivo* experiments, the scaffolds used are in quite a small size (5-mm in length). We will carry out large animal (dogs or goats) *in vivo* studies to further investigate the efficacy of this innovative approach in the future. In a previous preclinical study, scaffolds with a diameter of 4-mm and a height of 16-mm were used in New Zealand rabbits[@b43]. In addition, a critical-sized segmental bone defect created in the mid-portion of the femoral diaphysis of adult dog was repaired by using MSCs loaded onto a hollow ceramic cylinder consisting of TCP-HA with a length of 21-mm[@b44]. In a clinical study published in 2001, expanded BMSCs were placed on macro-porous HA scaffold to successfully treated a patient with 70-mm segmental defect of humerus[@b45]. All these evidence suggest the translational potential of our current finding for treating larger bone defect. However, as we known, the transplanted cells need to access the nutrients (oxygen, glucose, and amino acids) and to clear the metabolism (CO~2~, lactates, and urea). Micro-vessel formation within the scaffold is the prerequisite for cell survival after implanted. Of note, shock wave treatment can enhance the expression of VEGF *in vitro* and *in vivo*[@b46][@b47][@b48], which is an important factor for vessel formation. Nevertheless, regeneration of bone tissue in larger scaffolds (for example, 2.0 × 2.0 × 6.0 inch^3^) remains a great challenge for clinicians, as the inner BMSCs would apoptosis without sufficient nutrients. Though our currently developed scaffold is not ready to be implanted in humans, many available advanced bio-techniques (such as 3D bio-printing and bioreactors) make it possible to better incorporate the cells into the scaffolds with larger size[@b49]. We will be also able to fabricate many small blocks of artificial bone tissues using the bioreactors in quite a short period[@b49]. These small blocks may fully fill the demand to repair larger bone defect. Second, we still need to investigate if β-tricalcium phosphate or hydroxyapatite (β-TCP or HA) scaffolds with intrinsic osteo-inductivity seeded with shock wave treated BMSCs would further enhance bone defect repair. As the cells have received shock wave treatment before seeding on the scaffolds, rather than using shock wave to treat the scaffolds with cells, it is likely that the positive results observed from the cells seeded on PLGA scaffold can be extrapolated and applied to BMSCs seeded on other scaffolding materials. Third, it is possible that other signaling pathways are involved in the enhancement of bone defect healing induced by the current approach. In our previous study, we found that ESW-induced expression of integrin α5β1 after 3 h post-treatment significantly increased β-catenin expression[@b19]. The elevation of β-catenin in stem cells can suppress PPARγ expression, which may result in sufficient specific differentiation into osteoblasts[@b50].

In conclusion, our current study used PLGA composited with allograft BMSCs pretreated with ESW for the repair of mid-femur defects in rats and investigated its ability to form new bone in nude mice. These results demonstrated that ESW may promote the proliferation and osteogenic differentiation of BMSCs *in vitro*. Combination of PLGA scaffolds and cells treated with ESW produced a greater amount of bone regeneration when treating femur bone defect, as compared to the group receiving PLGA seeded with cells without ESW treatment. The results discussed within this article summarize the potential benefits of using ESW for controlling the differentiation of BMSCs. Since there is a significant need for reliable tissue models within the clinical and pharma industries, the control of cell behavior and stem cell differentiation would be highly beneficial. This technique provides significant potential benefits over existing technologies, as cellular responses can be initiated without the use of expensive chemical induction factors and complex fabrication procedures. Therefore, this innovative approach may act as an alternative and cost-effective treatment for bone defect repair.

Methods
=======

Experimental animals
--------------------

For cell isolation and culture, ten 4-week-old male Sprague-Dawley (SD) rats were obtained from the Experimental Animal Center of Shantou University Medical College (Shantou, China). The Animal Research Ethics Committee of Shantou University Medical College approved all relevant experiments in this study. Care of rats in this investigation aligned with the National Institutes of Health guidelines (National Institutes of Health (1996) *Guide for the Care of Use of Laboratory Animals*, NIH Publication 85--23, National Institutes of Health, Bethesda, MD). All methods were performed in accordance with the relevant guidelines and regulation.

Reagents and antibodies
-----------------------

Low/high glucose Dulbecco's minimal essential medium (LG-DMEM, HG-DMEM), α-MEM and fetal bovine serum (FBS) were purchased from Hyclone. Transforming growth factor β3, dexamethasone, ascorbic acide2-phosphate, and bone morphogenetic protein-2 was purchased from Peprotech. BD™ ITS Premix was from BD Biosciences. Xylenol orange and calcein green was purchased from Sigma-Aldrich. For western blotting, rabbit anti-Runx2 (ab102711), Col1(ab34710), Osterix (ab22552), and ALP (ab95462) primary antibody were purchased from Abcam. Anti-β-actin antibody (sc-130657) and ALP-conjugated goat anti-rabbit IgG secondary antibody (sc-2004) were from Santa Cruz. Antibody detection was carried out using a BCIP/NBT kit (Zymed, Invitrogen). Other chemicals and reagents were of molecular biology grade and were purchased from local commercial stores.

Culture and identification of BMSCs
-----------------------------------

Isolation and expansion of BMSCs were performed according to a previously described protocol[@b51]. Ten male SD rats (4 weeks old) were sacrificed and bone marrow was harvested by flushing femoral and tibial cavities with α-Modified Eagle's Medium (α-MEM). Cells collected from bone marrow were seeded at a density of 1.0 × 10^6^ cells/mL in culture flasks with α-MEM containing 10% FBS and 1% penicillin-streptomycin and incubated in a 5% CO~2~ humidified atmosphere at 37 °C. Non-adherent cells were removed after 3 d in culture and fresh culture medium was added; the culture medium was changed every 3 d. Cells were passaged when they reached approximately 90% confluence. Cells obtained at in passage 3--5 were used for further analyses.

Cells derived from rat bone marrow were authenticated based on three known BMSC attributes[@b52]; in particular, multi-lineages differentiation potential *in vitro* under controlled conditions. To confirm the multi-lineages differentiation potential, sub-cultured cells were induced to differentiate into osteoblasts, adipocytes, and chondrocytes using procedures reported by Pittenger *et al*.[@b53] and Tsutsumi *et al*.[@b54]. The osteogenic media include DMEM with 10% FBS supplemented 50 mg/mL Vitamin C, 10 mM β-glycerophosphate, and 10 nM dexamethasone (Sigma Aldrich); adipogenic media were DMEM with 10% FBS supplemented 500 mM isobutylmethyl xanthine, 1 mM dexamethasone, 10 mg/mL insulin, and 200 mM indomethacin. Chondrogenic media were serum-free DMEM supplemented with 1% BD™ ITS Premix (BD Biosciences, Franklin Lakes, NJ, USA; consisting of 6.25 mg/mL insulin, 6.25 mg/mL transferrin, 6.25 ng/mL selenous acid, 5.33 mg/mL linoleic acid, and 1.25 mg/ml bovine serum albumin), 10 ng/mL transforming growth factor β3 (TGF-β3; Peprotech, Rocky Hill, NJ, USA), 100 nM dexamethasone, 50 mg/mL ascorbic acide2-phosphate, and 500 ng/mL bone morphogenetic protein 2(BMP-2; Peprotech).

ESW treated of rat BMSCs *in vitro*
-----------------------------------

ESW was generated using Huikang type IV ESW equipment (Huikang, Shengzhen, China). BMSCs were subjected to ESW as previously described[@b19]. Cells (1.0 × 10^6^ cells/ml) were suspended in 15-ml sterile polystyrene tubes and 250, 500, 750, and 1000 impulses of 10 kV ESW were applied to identify the optimal intensity required. Each treatment lasted 10 min. After ESW treatment, cells were cultured for 24 and 48 h for MTT proliferation assay after assessing cell survival after 1 h with 0.4% trypan blue. Once an optimal impulse of ESW was determined, ESW-treated cells were placed onto plastic dishes or culture plates evaluation of multi-lineage differentiation potential per protocol. BMSCs without ESW treatment were used as controls.

Alizarin Red and ALP staining
-----------------------------

The degree of calcium deposition was determined by Alizarin red staining. After 21 d, the culture medium was removed and cells were washed with distilled water and fixed with 70% ethanol, finally stained with 1% Alizarin red S in distilled water (pH 4.2) for 10 min. ALP staining was performed to examine osteoblast differentiation using an ALP staining kit (NCIP/NBT Alkaline Phophatase Color Development Kit, PanEra, AAPR279) according to the manufacturer's instructions.

Western blotting
----------------

Cells were seeded onto 10-cm dishes. total protein lysates were extracted in ice-cold radioimmunoprecipitation assay buffer and sonicated twice for 6 s each[@b19]. Separation of Triton X-100-soluble and -insoluble fractions was performed according to a previous protocol. Protein concentrations were determined using a BCA protein assay kit. Protein lysates (100 mg) were separated on a 10% Bis--Tris polyacrylamide gel and subsequently transferred onto a polyvinylide fluoride membrane (Amersham Pharmacia Biotech, Buckinghamshire, UK). Membranes were blocked with 5% non-fat milk in Tris-buffered saline containing 0.1% Tween-20 and probed with a rabbit anti-Runx2 (1:1000; Abcam ab102711), Col1(1:1000; Abcam ab34710), Osterix (1:1000; Abcam ab22552), and ALP (1:1000; Abcam ab95462) primary antibody followed by ALP-conjugated goat anti-rabbit IgG secondary antibody (1:10000; Santa Cruz sc-2004). Antibody detection was carried out using a BCIP/NBT kit (Zymed, Invitrogen) according to the manufacturer's instructions. As a loading control, membranes were immunoblotted with a rabbit anti-β-actin antibody (1:1000; Santa Cruz sc-130657). Protein levels were quantified using ImageJ software (National Institutes of Health, MD, USA). After correcting for background, the integrated density of each protein band was measured using the same selection surface for each measurement[@b19].

Animals surgical procedures and experimental design
---------------------------------------------------

Ninety-four male SD rats and ten nude mice were obtained from the Experimental Animal Center of Shantou University Medical College (Shantou, China). Three 8-week-old male nude mice were used as a GFP marker group to observe the BMSCs survival and seven 8-week-old male nude mice were used to observe the osteogenic differentiation of ESW-modified BMSC *in vivo*; 12-week-old male SD rats were used for implantation as hosts. To evaluate the effects of ESW on the quality and healing time of the formation of bone tissue of male SD rats, 94 male SD rats were randomly assigned into two different treatment groups. All surgical procedures were performed under general anesthesia by intraperitoneal injection of 1.5% pentobarbital. After surgery (see methods below), all experimental animals were housed under pathogen-free conditions (2--4 per cage) that allowed them free access to food pellets and tap water.

Subcutaneous implantation in nude mice
--------------------------------------

We investigated bone defect regeneration using BMSCs grown in 3D-PLGA scaffolds. PLGA (L/G ratio 50:50, MW 40,000-75,000) scaffolds with 80% porosity (average diameter of 250--500 μm) were produced by Shanghai Biotech. Ltd based on the principles recommended in a previous study[@b33]. BMSCs were pretreated with or without ESW treatment. We subcutaneously transplanted BMSCs (1.0 × 10^6^ cells) grown on PLGA scaffolds (5.0 × 5.0 × 5.0 mm^3^) pretreated with or without ESW treatment into nude mice. A 3 cm longitudinal incision was made overlaying the spine and four subcutaneous pockets were made using blunt dissection. One scaffold was implanted in each pocket and then the wound was closed. Mice were sacrificed at 2, 4, and 8 weeks post-implantation and repaired tissue was assessed both macroscopically and histologically.

Mid-femur bone defects in rats
------------------------------

Defects were created surgically on the mid-femur of rats[@b55]. A 5.0 mm wide and approximately one third of cross-section diameter of the femur in depth defect was made in mid-shaft of femurs by columnar dental diamond burs to all SD rats. Subsequently, the defecting areas were filled either with ESW treatment cell-aggregate or cell-aggregate randomly. Rats were sacrificed at 2, 4, and 8 weeks post-implantation and repaired tissues were assessed both macroscopically and histologically.

Sequential fluorescent labeling and sample harvesting
-----------------------------------------------------

Sequential fluorescent labeling was used to study bone dynamic remodeling within segmental bone defects using an established protocol[@b56][@b57][@b58]. In brief, xylenol orange (90 mg/kg body weight; Sigma-Aldrich GmbH) and calcein green (10 mg/kg body weight; Sigma-Aldrich GmbH) were injected subcutaneously and sequentially into rats (n = 5/group) at 10 and 3 days before euthanasia, respectively.

CT evaluation of new bone formation
-----------------------------------

At 4 and 8 weeks post-implantation, newly formed bone was evaluated using microCT 40 (Scanco Medical, Brüttisellen, Switzerland) according to a published protocol[@b58][@b59]. Briefly, the entire defect region was scanned at a spatial resolution of 15 μm and the bony compartment was segmented from the marrow and soft tissue for subsequent analyses using a global threshold procedure. A threshold equal to or above 150 represented bony tissue; a threshold below 150 represented bone marrow, soft tissue, and implanted composite scaffolds[@b60]. New bone formed within the bone defect region was acquired for quantification of bone mineral density, tissue volume, and bone volume (n = 8/group/time point).

New bone formed in the nude mice after subcutaneous transplant was defined as a threshold equal to or above 100 represented bony tissue; a threshold below 100 represented soft tissue and implanted composite scaffolds (n = 5/group/time point).

Histological analysis
---------------------

Harvested femora from rats and PLGA scaffolds from nude mice were dissected free from soft tissue, fixed in 10% buffered formalin for 24 h, decalcified with 10% EDTA (pH 7.4) for 4 weeks, dehydrated in a gradient series of ethanol, embedded in paraffin, and cut through the long axis into 5-mm-thick sections. Sections were stained with hematoxylin and eosin (H&E), and immunostained for Runx-2 and Osterix expression. In brief, sections were incubated with proteinase K (Dako, Glostrup, Denmark) for 6 min at room temperature for antigen retrieval, followed by blocking with 1% H~2~O~2~/methanol (Sigma-Aldrich) for 30 min with primary antibodies diluted 1:200 with antibody diluent (Dako), rabbit polyclonal anti-Runx-2 (ab102711, Abcam), and rabbit polyclonal anti-Osterix (ab22552, Abcam). Secondary antibody incubation was performed using EnVision™ (Dako) for 30 min. The colorimetric reaction was developed with diaminobenzidine (Dako) and counterstained with hematoxylin.

Part of the samples harvested from rats and nude mice were prepared for undecalcified histology. Goldner-Trichrome staining was performed for static histomorphometric measurement. A semi-automatic digitizing image analysis system (OsteoMetrics, Atlanta, GA, USA) was used to calculate the formation of osteoid.

Biomechanical test
------------------

Harvested femurs were prepared for biomechanical testing by removing as much soft tissue as possible, followed by immediate wrapping in gauze dampened with physiological saline to prevent dehydration. Tests were conducted within minutes of harvest. Femora were subjected to destructive four-point bending in the anteroposterior direction using a Uniaxial Mechanical Testing Machine (H25KM, Tinius Olsen). Femurs were placed on the lower supports on their posterior surface, with one support under the trochanter major and the other under the distal end. The distance between the two supports was set at 20 mm and femurs were carefully positioned so that the midpoint between the two bone-implant interfaces was aligned at the center point between the two supports. In order to prevent twisting of the bone during loading, the intercondylar fossa was gently pressed onto the bending apparatus. Before actual testing, a small stabilizing preload (10 N) was applied, after which the specimen was loaded to failure at a crosshead speed of 1.0 mm/min. The load at failure was recorded as the bending strength.

Statistical analyses
--------------------

Data are presented as mean ± standard deviation (SD). Unpaired two-tailed Student's t test was used for comparison between two groups. One-way ANOVA with Student--Newman-Keuls *post hoc* test was used for multiple-group comparisons. Differences with a *P* \< 0.05 were regarded as significant.
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![The optimal ESW intensity promoted proliferation of BMSCs.\
(**A**) Cell survival decreased with higher impulses of ESW, while no significant difference was observed below 500 impulses compared to control. With 5 KV or 10 KV for 250 or 500 impulses ESW treatment respectively, the cell survival was almost the same as control group (a, *P* \> 0.05; b, *P* \< 0.05 as compared to the control group by One-way ANOVA with Student--Newman-Keuls *post hoc* test). (**B**) MTT assay indicated that 500 impulses of 10 kV significantly augmented BMSC proliferation within 48 h after ESW treatment. Data are presented as the mean ± SD from triplicate experiments (a, *P* \> 0.05; b, *P* \< 0.05; c, *P* \< 0.001 as compared to control group at the same period by One-way ANOVA with Student--Newman-Keuls *post hoc* test; n = 6). (**C**,**D**) The optimal ESW intensity promoted proliferation of GFP-BMSCs both *in vitro* and *in vivo*. GFP-BMSCs with or without ESW treatment were seeded with the same initial density (2,000 cells/well); cells from the ESW-treated group proliferated significantly faster than control cells at both time points (day 1 and 3 in culture; *P* \< 0.001 by unpaired two-tailed Student's t test, n = 3). (**D**,**E**) Dynamic fluorescence of control and ESW treated GFP-BMSCs (1.0 × 10^6^ cells) seeded onto PLGA scaffolds and subcutaneously implanted into nude mice was monitored using an IVIS 200 imaging system. Significantly more cells were retained *in vivo* in ESW group versus control at weeks 2 post-implantation (*P* \< 0.001 by unpaired two-tailed Student's t test, n = 3).](srep44130-f1){#f1}

![ESW promoted the osteogenic differentiation of BMSCs.\
(**A**) After ESW treatment, BMSCs were cultured for another 2 weeks in osteogenic induction medium and then proteins were extracted for western blotting. (**B**) Alizarin red and ALP staining also showed that ESW-treated BMSCs formed more calcium nodules and expressed higher levels of ALP. (**C**--**F**) Quantitative results showed that ESW significantly increased the expression levels of Col1, Runx2, osterix, and ALP (*P* \< 0.05 by unpaired two-tailed Student's t test).](srep44130-f2){#f2}

![New bone formation is increased in PLGA scaffold seeded with ESW-treated BMSCs.\
(**A**) H&E staining showed that the tissues generated inside the pores of the scaffold became more solid as compared to those seeded with non-ESW-treated cells at the same time point. (**B**) Representative Goldner-Trichrome staining showed that significantly more osteoid (red arrows, purple to red) were produced 8 weeks post-ESW treatment. Corresponding quantitative data shows that significant difference in the total area of osteoid between these two groups (*P* \< 0.01 by unpaired two-tailed Student's t test). Error bars, mean ± SD, n = 5; scale bar, 100 μm.](srep44130-f3){#f3}

![ESW treatment promoted the expression of Runx2, Osterix *in vivo*.\
(**A**) At 4 weeks post-ESW treatment, the sections had the strongest intensity, which indicated that there were more Runx2 (+), Osterix (+) cells in the ESW group. Scale bar, 100 μm; n = 5/group/time point. (**B**) At 4 weeks post ESW treatment, transplanted cells expressed more TGF-β1 (green) than the control group. The nuclei of the transplanted cells were stained with DAPI (blue). Scale bar, 50 μm; n = 5/group/time point.](srep44130-f4){#f4}

![ESW promoted new bone formation in rats.\
(**A**) Fluorescent micrographs dynamically showed new bone formation in the defect site at 2, 4, and 8 weeks post-implantation, respectively. A more profound fluorescent deposition indicated a greater amount of new bone formation and remodeling in the ESW group over time. (**B**) Quantitative analysis of new bone within bone defect regions 2, 4 and 8 weeks post-implantation showed greater bone formation in the ESW group as compared to the control group. (**C**,**D**) Mineral apposition rate (MAR) was also significantly faster in ESW group as compared to control (*P* \< 0.01 by unpaired two-tailed Student's t test).](srep44130-f5){#f5}

![ESW promoted both biological and biomechanical repair of bone defect.\
(**A**) H&E stained sections 4 and 8 weeks post-implantation showed more newly formed bone in ESW scaffolds than in BMSC/PLGA without ESW treatment Immunohistochemistry of osteoblasts and mineralized sites 8 weeks post-implantation demonstrated that Osterix expression in newly formed bone had more and stronger signals within scaffolds, indicating more osteoblasts. New bone area was quantified 4 and 8 weeks post-implantation. In the ESW group, more newly formed bone was found in segmental defects compared with control groups. The ESW group had a larger area of newly formed bone. (**B**) Four-point bending biomechanical test was also performed to assess the properties of repaired bone tissues. ESW-treated artificial bone had stronger mechanical strength than the control group (*P* \< 0.05 by unpaired two-tailed Student's t test, n = 8).](srep44130-f6){#f6}

###### Comparison of Micro-CT Analysis of Bone Formation in PLGA Scaffolds Subcutaneously Implanted into Nude Mice Across Time Points.

                           Week 4          P value          Week 8          P value                       
  ------------------- ---------------- ---------------- --------------- ---------------- ---------------- ---------------
  BV (mm^3^)            1.13 ± 0.11      1.55 ± 0.27     *P* \< *0.01*    1.83 ± 0.25      2.44 ± 0.24     *P* \< *0.01*
  TV (mm^3^)            5.39 ± 1.26      5.74 ± 1.08     *P* \> *0.05*    6.13 ± 1.41      5.92 ± 0.95     *P* \> *0.05*
  BV/TV                 0.22 ± 0.05      0.28 ± 0.03     *P* \< *0.05*    0.31 ± 0.08      0.40 ± 0.06     *P* \< *0.05*
  B. Th (mm)            0.06 ± 0.02      0.10 ± 0.03     *P* \< *0.05*    0.09 ± 0.03      0.15 ± 0.02     *P* \< *0.01*
  B. Sp (mm)            0.64 ± 0.18      0.48 ± 0.15     *P* \< *0.01*    0.55 ± 0.14      0.39 ± 0.11     *P* \< *0.01*
  BMD (mg HA/cm^3^)    341.75 ± 15.63   418.52 ± 17.42   *P* \< *0.01*   368.72 ± 21.38   459.66 ± 20.03   *P* \< *0.01*

Values are mean ± SD; n = 5/group/time point; comparisons were made between groups at the same time point by unpaired two-tailed Student's t test.

###### Comparison of Different Parameters in Micro-CT Analysis From Rat Bone Defect Model Across Time Points.

                           Week 4          P value          Week 8          P value                       
  ------------------- ---------------- ---------------- --------------- ---------------- ---------------- ---------------
  BV (mm^3^)            6.09 ± 0.93      8.84 ± 1.07     *P* \< *0.01*    8.25 ± 1.41      12.71 ± 1.19    *P* \< *0.01*
  TV (mm^3^)            20.51 ± 2.52     21.71 ± 3.04    *P* \> *0.05*    25.38 ± 3.44     24.72 ± 3.17    *P* \> *0.05*
  BV/TV                 0.32 ± 0.07      0.39 ± 0.04     *P* \< *0.05*    0.33 ± 0.05      0.48 ± 0.05     *P* \< *0.01*
  B. Th (mm)            0.14 ± 0.03      0.18 ± 0.02     *P* \< *0.01*    0.15 ± 0.05      0.24 ± 0.03     *P* \< *0.01*
  B. Sp (mm)            0.33 ± 0.07      0.25 ± 0.05     *P* \< *0.05*    0.29 ± 0.10      0.18 ± 0.09     *P* \< *0.01*
  BMD (mg HA/cm^3^)    448.33 ± 31.63   607.53 ± 37.82   *P* \< *0.01*   483.75 ± 25.84   782.15 ± 37.69   *P* \< *0.01*

Values are mean ± SD; n = 8/group/time point; comparisons were made between groups at the same time point by unpaired two-tailed Student's t test.

[^1]: These authors contributed equally to this work.
